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Abstract

A long-standing challenge in optical neuroimaging has been the assessment of hemodynamics and 

oxygen metabolism in the awake rodent brain at the microscopic level. Here, we report first-of-a-

kind head-restrained photoacoustic microscopy (PAM), which enables simultaneous imaging of 

the cerebrovascular anatomy, total concentration and oxygen saturation of hemoglobin, and blood 

flow in awake mice. Combining these hemodynamic measurements allows us to derive two key 

metabolic parameters—oxygen extraction fraction (OEF) and the cerebral metabolic rate of 

oxygen (CMRO2). This enabling technology offers the first opportunity to comprehensively and 

quantitatively characterize the hemodynamic and oxygen-metabolic responses of the mouse brain 

to isoflurane, a general anesthetic widely used in preclinical research and clinical practice. Side-

by-side comparison of the awake and anesthetized brains reveals that isoflurane induces diameter-

dependent arterial dilation, elevated blood flow, and reduced OEF in a dose-dependent manner. As 

a result of the combined effects, CMRO2 is significantly reduced in the anesthetized brain under 

both normoxia and hypoxia, which suggests a mechanism for anesthetic neuroprotection. The 

head-restrained functional and metabolic PAM opens a new avenue for basic and translational 

research on neurovascular coupling without the strong influence of anesthesia and on the 

neuroprotective effects of various interventions, including but not limited to volatile anesthetics, 

against cerebral hypoxia and ischemia.
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Introduction

Optical microscopy—providing detailed spatiotemporal views of neuronal networks (Stosiek 

et al., 2003), neuronal subtypes (Kleinfeld and Griesbeck, 2005), subcellular compartments 
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of neurons (Chen et al., 2012), and hemodynamics (Yao et al., 2015) in the rodent brain in 
vivo—has been revolutionizing neuroscience in recent decades. To minimize motion 

artifacts during the course of high-resolution imaging, the majority of these studies have 

been carried out in anesthetized animals. However, anesthesia is known to have profound 

effects on neuronal activities and cerebral hemodynamics. A recent study shows direct 

evidence that the brain activity during wakefulness cannot be reliably inferred from the 

observations under anesthesia (Greenberg et al., 2008). Moreover, anesthetic-induced 

changes in cerebral hemodynamics have been observed across multiple species (human, 

primate, and rodent) (Kaisti et al., 2003; Martin et al., 2006; Qiu et al., 2008; Shtoyerman et 

al., 2000). Thus, there is a pressing need for novel microscopy technologies capable of 

imaging neuronal activities and hemodynamics in the awake rodent brain.

To meet this demand, head-mounted (Flusberg et al., 2008; F Helmchen et al., 2001; 

Sawinski et al., 2009) and head-restrained (Dombeck et al., 2010; Harvey et al., 2009; Scott 

et al., 2013) paradigms have been recently developed for fluorescence microscopy of the 

awake brain. The head-mounted approach allows imaging the neuronal activity in freely 

moving rodents but has limited field of view, insufficient mechanical stability, and 

suboptimal optical performance (Hamel et al., 2015). In contrast, head restraint provides 

extended imaging field, improved mechanical and optical performance, and the accessibility 

of electrode recording (Dombeck et al., 2007). The restraint-induced animal stress, as a 

primary concern, can be mitigated by the use of a treadmill and proper training (Dombeck et 

al., 2010; Harvey et al., 2009). With the aid of molecular probes, these new paradigms have 

enabled large-scale and time-lapse recording of the neuronal activity at the cellular level in 

awake mice, holding great potential to transform our understanding of neural circuits 

underlying behavior (Scott et al., 2013).

While molecular imaging of the neuronal activity in the awake brain rapidly advances, 

functional imaging of the coevolving hemodynamics falls far behind. With the aid of 

angiographic agents, fluorescence microscopy permits the quantification of cerebral blood 

flow (CBF) in awake mice (F Helmchen et al., 2001). However, it remains a challenge for 

fluorescence microscopy to directly measure multiple hemoglobin-related hemodynamic 

parameters, including the total concentration and oxygen saturation of hemoglobin (CHb and 

sO2, respectively) and oxygen extraction fraction (OEF). Recent advances in oxygen-

sensitive fluorescent probes (Sakadzić et al., 2010) and visible light optical coherence 

tomography (Chong et al., 2015; Yi et al., 2014) provide new means to assess blood 

oxygenation, which in combination with CBF allows the quantification of oxygen 

metabolism. Capable of comprehensively and simultaneously measure all these 

hemodynamic parameters in a label-free manner (Hu, 2016; Wang and Hu, 2012), 

photoacoustic imaging is ideally suited for functional imaging of the awake brain. However, 

this research is still in a nascent stage, with only a couple of studies using macroscopic-

resolution photoacoustic tomography (Jo et al., 2012; Tang et al., 2016).

Here, we report on a novel application of photoacoustic microscopy (PAM) for 

comprehensive and quantitative characterization of cerebral hemodynamics and metabolism 

at the microscopic level in awake mice. An angle- and height-adjustable head-restraint 

apparatus was exploited to enable high-resolution PAM of the awake brain with minimal 

Cao et al. Page 2

Neuroimage. Author manuscript; available in PMC 2018 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



motion artifacts, and an air-floated spherical treadmill was utilized to mitigate the restraint-

induced stress. We first assessed the long-term stability of head-restrained PAM 

measurements in the awake mouse brain. Upon validation, we compared the cerebrovascular 

diameter, CHb, sO2, CBF, OEF, and the cerebral metabolic rate of oxygen (CMRO2) in the 

same region of interest under wakefulness and different levels (i.e., light, medium, and deep) 

of anesthesia, which revealed dose-dependent cerebral hemodynamic and metabolic 

responses to isoflurane—a commonly used volatile general anesthetic. We further studied 

the multifaceted cerebral responses under systemic hypoxia, whose results suggested a 

possible mechanism for the widely reported but poorly understood neuroprotective effect of 

volatile anesthetics (Zuo, 2012; Zwerus and Absalom, 2015).

Methods

Head-restrained PAM system

As shown in Fig. 1, the head-restrained PAM uses two nanosecond-pulsed lasers (BX40-2-G 

and BX40-2-GR, Edgewave) operating at the same pulse repetition rate of ~10 kHz. The two 

beams with orthogonal polarizations are combined by a polarizing beam splitter (48–545, 

Edmund Optics) and then coupled into a single-mode optical fiber (P1-460B-FC-2, 

Thorlabs) through a microscope objective (M-10X, Newport). Before entering the fiber, the 

dual-wavelength (i.e., 532 nm and 559 nm) beam is attenuated by a neutral density filter 

(NDC-50 C-2M, Thorlabs), reshaped by an iris (SM1D12D, Thorlabs), focused by a 

condenser lens (LA1608, Thorlabs), and filtered by a 50-μm-diameter pinhole (P50C, 

Thorlabs). To compensate for the fluctuation in the laser intensity, ~5% of the laser pulse 

energy is picked off by a beam sampler (BSF10-A, Thorlabs) and monitored by a high-speed 

photodiode (FDS100, Thorlabs). The beam coming out of the fiber is launched into the 

imaging head of the system, where it is collimated by an achromatic doublet (AC127-025-A, 

Thorlabs), reshaped by an iris (SM05D5, Thorlabs), and focused by an identical doublet 

through a correction lens (LA1207-A, Thorlabs) and the central opening of a customized 

ring-shaped ultrasonic transducer (inner diameter: 2.2 mm; outer diameter: 4.0 mm; focal 

length: 6.0 mm; center frequency: 35 MHz; 6-dB bandwidth: 70%) into the mouse brain. 

The optical and acoustic foci are confocally aligned for maximum sensitivity. Restraint of 

the awake mouse head is achieved using a nut-bolt configuration. As shown in the red-boxed 

inset of Fig. 1, a small nut (90730A005, McMaster-Carr) is attached to the exposed mouse 

skull using dental cement (S380, Parkell). Once being fixed in a customized head plate with 

a bolt, the mouse head can be angularly adjusted using a rotation mount (RSP-1T, Newport) 

to align the region of interest perpendicular to the imaging head and vertically adjusted using 

a right-angle clamp (RA90, Thorlabs) to allow the mouse limbs to comfortably rest on the 

surface of the spherical treadmill (blue-boxed inset of Fig. 1). The treadmill, consisting of 

two 8-inch-diameter hollow polystyrene hemispheres (03170-1008, Blick Art Materials), sits 

in a homemade cylindrical holder. The slightly compressed air (15 psi) from the bottom of 

the holder creates a thin cushion to float the treadmill, allowing the mouse to move freely 

with reduced reaction force.

To scan the optical-acoustic dual foci over the cortical region of interest, the exit end of the 

optical fiber and the imaging head are mounted on a 3-axis motorized scanning system, 
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which consists of two transverse linear stages (PLS-85, PI miCos GmbH) for raster scan and 

a vertical linear stage (KR15, THK; motor: 28BYG201, Circuit Specialists) for automatic 

and precise adjustment of the dual foci. The cross-sectional scan (i.e., B-scan) speed is set to 

1 mm/s, during which the two lasers are alternately triggered at a 50-μs interval to produce 

dual-wavelength A-line pairs with a spatial interval of 0.1 μm. Statistical, spectral, and 

correlation analysis of 100 successive A-line pairs (Ning et al., 2015) allows simultaneous 

quantification of CHb, sO2, and CBF at the same spatial scale (10 μm).

Hemodynamic and oxygen-metabolic analysis

Statistical analysis of the 100 successive A-lines acquired at 532 nm allows quantification of 

the average number of red blood cells (RBCs) within the detection volume as

(1)

in which E() and Var() respectively denotes the mean and variance operation, APAM 

represents the amplitude of the PAM signal, and NPAM is the electronic thermal noise of the 

PAM system. Given the experimentally quantified 263-μm3 detection volume of our PAM 

and the 15-pg average hemoglobin weight in each RBC (Everds, 2004), CHb can be 

calculated as (Ning et al., 2015):

(2)

Spectral analysis of the dual-wavelength A-line pair allows differentiation of the oxy-

hemoglobin (HbO2) and deoxy-hemoglobin (HbR), from which sO2 can be computed 

(Zhang et al., 2007). With the aid of vessel segmentation (Soetikno et al., 2012), the average 

sO2 values of the feeding arteries (saO2) and draining veins (svO2) within the region of 

interest can be extracted to quantify OEF as

(3)

Correlation analysis of the same 100 A-lines allows CBF to be simultaneously quantified. 

Theoretically, the time course of the correlation coefficient follows a second-order 

exponential decay , in which the decay constant λf is linearly proportional to the 

blood flow speed (Chen et al., 2011). Fitting the experimentally measured decorrelation 

curve with the theoretical model leads to pixel-wise flow mapping (Ning et al., 2015). 

Moreover, with the aid of vessel segmentation, the flow speed and diameter of individual 

cortical vessels can be combined to derive CBF in the volumetric unit as (Shih et al., 2009)
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(4)

where D is the vessel diameter and V is the blood flow speed along the central axis of the 

vessel.

With the simultaneously quantified CHb, OEF, and CBF, the total CMRO2 of the region of 

interest can be derived as

(5)

where ξ is the oxygen binding capacity of hemoglobin (1.36 mL oxygen per gram 

hemoglobin), CBFtotal is the total volumetric blood flow through the region, and W is the 

tissue weight estimated by assuming an average cortical thickness of 1.2 mm (DeFelipe, 

2011) and a tissue density of 1.05 g/ml (Chong et al., 2015). Note that the total volumetric 

flow rates in the feeding arteries and draining veins need to be approximately equal to avoid 

possible bias in the CMRO2 calculation due to the unbalanced flow (Hu and Wang, 2010; 

Yao et al., 2015). Meeting this important condition in the cerebral cortex typically requires a 

relatively large field of view. For statistical analysis involving multiple animals, we can 

eliminate potential variations in the baseline CMRO2 across samples by deriving relative 

CMRO2 as

(6)

where rCHb, rsaO2, rOEF, and rCBFtotal are the relative values of these parameters calculated 

by normalizing to their corresponding baselines.

Animal preparation

Male CD-1 mice (9–13 weeks old, Charles River Laboratories) were used for the studies. 

Under anesthesia, the hair in the mouse head was removed and a surgical incision was made 

in the scalp to expose the skull. The dental cement was then applied to cover the surface of 

the exposed skull, except for the region of interest, and the nut was attached. After the 

cement was solidified and the nut was firmly adhered to the skull, the mouse was transferred 

to the head-restraint apparatus. To help acclimate the mouse to head restraint and attenuate 

the stress, each mouse was subjected to 5 training sessions on 5 consecutive days. Each 

session lasted for 45 minutes, during which the mouse was provided with drink as a positive 

reward.

One day before the PAM experiment, the skull over the region of interest was thinned by a 

surgical hand drill following the fascia removal for optimal image quality. The skull thinning 

was implemented following the well-established protocol (Drew et al., 2010; Yang et al., 

2010) to alleviate potential inflammation and avoid possible damage to the brain. Once the 
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desired skull thickness (~100 μm) was reached, the thinned-skull window was cleaned and 

dried. According to previous studies (Yang et al., 2010), no obvious inflammation or 

detectable microglia activation is expected if the thickness of the thinned skull is larger than 

20 μm. One hour prior to the PAM experiment, the trained mouse was restrained and placed 

beneath the water tank for acoustic coupling (green-boxed inset of Fig. 1). Ultrasound gel 

was applied between the skull window and the ultrasonically and optically transparent 

polyethylene membrane at the bottom of the water tank. The temperature of the water tank 

was set at 37°C, and a heating lamp was used to help maintain the mouse body temperature. 

All experimental procedures were carried out in conformity with the animal protocol 

approved by the Animal Care and Use Committee at the University of Virginia.

Hypoxia and anesthesia

The physiological state of the experimental mouse was switched between systemic normoxia 

and hypoxia by adjusting the oxygen concentration of the inhalation gas. For normoxia, the 

mouse was supplied with medical-quality air (AI M-T, Praxair). For hypoxia, the air was 

mixed with medical-quality nitrogen (NI H, Praxair). By adjustment of the flow rates of the 

two gas components, the oxygen concentration of the mixture was set to 12%, which was 

confirmed by a clinical anesthesia monitor (Capnomac Ultima, Datex-Ohmeda). The 

anesthetic state of the mouse was altered by adjusting the inhaled isoflurane concentration. 

Specifically, the minimum alveolar concentration (MAC) of isoflurane for the CD-1 mouse 

used herein was pre-determined to be 1.6%, based on which 0% (i.e., 0 MAC), 0.8% (i.e., 

0.5 MAC), 1.6% (i.e., 1.0 MAC), and 2.4% (i.e., 1.5 MAC) isoflurane were used during 

wakefulness and to induce light, medium, and deep anesthesia, respectively. After each 

switch of the physiological or anesthetic state, at least 15 minutes was waited to ensure 

equilibrium and to allow the animal to adapt to hypoxia.

Blood-gas analysis

The mouse neck was shaved and disinfected with povidone iodine, before a 2-cm midline 

incision was made. The soft tissue over the trachea was gently retracted to expose the left 

common carotid artery. Major blood-gas parameters of the blood samples collected from the 

artery—including pH, partial pressure of oxygen in arterial blood (PaO2), and partial 

pressure of carbon dioxide in arterial blood (PaCO2)—were quantified using a blood-gas 

analyzer (IRMA, Diametrics Medical). Note that we performed the blood-gas analysis only 

in anesthetized mice (0.5 MAC or 1.5 MAC) under hypoxia (12% oxygen). Prior to the 

blood collection, the mouse was maintained under the desired physiological and anesthetic 

state for at least 15 minutes to allow for equilibrium. The animal was euthanized 

immediately after the experiment.

Statistics

One-way analysis of variance (ANOVA) and Tukey’s honest significance test with 

correction for multiple comparison was used in Fig. 5a, Fig. 8a, and supplementary Fig. S1, 

supplementary Fig. S3 and supplementary Fig. S4. Paired t-test was used in Fig. 3, Fig. 5b, 

Fig. 8b, and supplementary Fig. S6. Two-sample t-test was used in supplementary Fig. S5. 

In Fig. 6 and Fig. 9, paired t-test was used for comparing the diameters of the same group of 

vessels under anesthesia and wakefulness (i.e., baseline) and two-sample t-test was used for 
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the comparison between different groups of vessels under the same anesthetic state. The 

Pearson correlation coefficient was used in supplementary Fig. S2 to examine the linear 

relationship between the relative dilation of small arteries (diameter: <40 μm) and the 

corresponding baseline diameters measured during wakefulness. All statistical data are 

presented in the format of mean ± standard deviation.

Results

Long-term stability of head-restrained PAM

Prior to characterizing the cerebral hemodynamic and oxygen-metabolic responses to 

isoflurane, we assessed the stability of head-restrained PAM for time-lapse measurements in 

the awake mouse brain to ensure that PAM-revealed changes were indeed due to 

physiological rather than technical variations. Specifically, we repeatedly imaged the same 

cortical region of interest 5 times over a 75-minute period, during which the physiological 

state of the mouse was carefully maintained. A total of 48 feeding arteries and draining veins 

that PAM imaged in 3 mice were segmented, and the relative changes in CHb, sO2, vessel 

diameter, and blood flow speed from their corresponding baseline values measured at the 

very beginning were quantified. As shown in Fig. S1, the statistical analysis showed no 

significant changes in any of the four parameters over time, indicating the stability of our 

system.

Cerebral hemodynamic and oxygen-metabolic responses to isoflurane

Upon validating the stability of head-restrained PAM for longitudinal and quantitative 

monitoring, we comprehensively characterized the cerebral hemodynamic and oxygen-

metabolic responses to isoflurane under normoxia. For side-by-side comparison of the 

mouse brain in the absence and presence of isoflurane, we performed a 2-hour PAM 

monitoring, during which the isoflurane vaporizer (set at 1.0 MAC) was switched off and on. 

After each switch, at least 15 minutes was waited to ensure the equilibrium.

Under anesthesia, the mouse brain presented no evident changes in CHb but apparent 

upregulations in svO2 and flow speed (indicated by the arrows in the 2nd and 3rd rows of Fig. 

2a). Furthermore, vessel segmentation-enabled analysis of the feeding arteries and draining 

veins (colored in red and blue, respectively, in Fig. 2b) provided quantitative and more 

comprehensive insights into the cerebral responses to isoflurane (Fig. 2c). As expected, the 

CHb in both the arteries and veins remained roughly constant during the alternations between 

wakefulness and anesthesia. Similarly, the saO2 maintained at a stable level, which was in 

striking contrast to the markedly increased svO2 in the presence of isoflurane. The high saO2 

indicated sufficient oxygen supply to the mouse brain, while the elevated svO2 suggested 

reduced oxygen extraction of the cerebral tissue under anesthesia. In contrast to the 

decreased OEF, both the feeding and draining vessels underwent significant vasodilation and 

upregulation in the blood flow speed, which together should lead to a boost in CBF 

according to Equation 4. Indeed, the total volumetric flow rates (CBFtotal) of both the 

arterial blood into the region of interest and the venous blood out of it nearly doubled under 

anesthesia. Notably, the two rates were roughly identical throughout the monitoring period. 

Thus, the total CMRO2 of the region can be derived by Equation 5 without considerable bias 
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induced by the unbalanced flow. Apparently, the reduced OEF and increased CBF exerted 

opposite effects on the cerebral oxygen metabolism. The combined effects resulted in a 

significant suppression of CMRO2 in the anesthetized mouse brain.

Repeating this experiment in 5 mice enabled us to characterize the cerebral hemodynamic 

and oxygen-metabolic responses to isoflurane at the statistical level. As shown in Fig. 3a, no 

statistical difference was found between the CHb under wakefulness (160±7 g/L for arteries 

and 165±19 g/L for veins) and that under anesthesia (165±8 g/L for arteries and 162±11 g/L 

for veins). In contrast to the unchanged saO2 (94±2% and 94±4% under wakefulness and 

anesthesia, respectively), svO2 was increased from 65±4% to 86±6% following the exposure 

to isoflurane (Fig. 3b). In addition, marked arterial dilation (from 34±4 μm to 44±4 μm) and 

moderate venous dilation (from 43±5 μm to 48±6 μm) were observed (Fig. 3c). Further 

analysis of individual vessel segments revealed a striking negative correlation (r = −0.66) 

between the relative dilation of small arteries (diameter less than 40 μm) and the baseline 

(i.e., under wakefulness) diameter (Fig. 3d and supplementary Fig. S2). In contrast, arteries 

with larger diameters (>40 μm) and veins showed less pronounced and diameter-independent 

dilation (13±8% and 12±6%, respectively). Accompanying vasodilation was significant 

increase in the flow speed (on average, 54% in arteries and 37% in veins as shown in Fig. 

3e), which together boosted the arterial CBFtotal from 39.2±5.7 mL/100g/min to 73.5±15.2 

mL/100g/min and the venous CBFtotal from 35.0±13.5 mL/100g/min to 66.6±27.9 mL/

100g//min (Fig. 3f). It is worth noting that the PAM-measured CBF is comparable to that 

measured by optical coherence tomography (Chong et al., 2015) and autoradiography 

(Nakao et al., 2001). Combining the multiple hemodynamic parameters, we revealed that the 

1.0-MAC isoflurane induced a 73% decrease in OEF (from 0.26±0.07 to 0.07±0.04 as 

shown in Fig. 3g) and a 50% decline in CMRO2 (from 114.5±30.6 μmol/100g/min to 

57.8±23.3 μmol/100g/min as shown in Fig. 3h).

Dose-dependent effects of isoflurane on cerebral hemodynamics and metabolism

Next, we examined whether the observed multifaceted cerebral responses to isoflurane were 

dose-dependent or not under normoxia. Specifically, 6 head-restrained mice were monitored 

by PAM for ~2 hours, during which their states were gradually altered from wakefulness to 

light then medium and finally deep anesthesia by a stepwise increase of the isoflurane 

concentration (0, 0.5, 1.0, and 1.5 MAC). After each switch, a minimum of 15 minutes was 

waited to allow for equilibrium.

Consistent with the observation in Fig. 2a, the mouse brain showed unchanged CHb and saO2 

but apparently increased svO2 and flow speed under all three different levels of anesthesia 

compared with that under wakefulness (indicated by the arrows in Fig. 4). With the aid of 

vessel segmentation, the CHb, sO2, blood flow speed, and diameter of individual feeding 

arteries and draining veins were quantified and averaged for each mouse. Then, the average 

hemodynamic readouts under the four states were statistically compared (Fig. 5a and 

supplementary Fig. S3). As expected, CHb and saO2 were well maintained throughout the 

incremental exposure to isoflurane. In contrast, marked svO2 increase, flow speed 

upregulation, and vasodilation were observed under all three levels of anesthesia. Different 

from the dose-independent vasodilation, svO2 and blood flow speed partially regressed when 
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switching from medium to deep anesthesia, likely due to the anesthetic depression of 

myocardial contractility (Rusy and Komai, 1987). The synchronous responses in svO2 and 

flow speed implied an inverse coupling between OEF and CBF. Indeed, when the state was 

switched from medium to deep anesthesia rOEF, (normalized to the baseline measured 

during wakefulness) dramatically increased from 21±8% to 37±9% along with a significant 

drop in rCBFtotal from 215±39% to 180±42% (Fig. 5b). Given the unchanged CHb and saO2, 

the tight CBF-OEF coupling managed to maintain CMRO2 at a statistically constant level—

only about half of that under wakefulness—across different depths of anesthesia. It is worth 

noting that we did not observe the isoflurane dose-dependent CMRO2 decrease reported in a 

previous study (Stullken et al., 1977). The discrepancy might be attributed to the differences 

in animal species (dog vs. mouse) and experimental conditions. Unlike the previous study, 

which used active ventilation (PaCO2 was maintained roughly constant) with hyperoxic 

inhalation gas (40% oxygen), we used medical-quality air without ventilation. Thus, deep 

anesthesia-induced decrease in the respiratory rate may lead to hypercapnia. While the 

cerebral metabolic response to hypercapnia is still in controversy (Yablonskiy, 2011), 

previous studies have shown that hypercapnia can induce CMRO2 increase in rodents 

(Horvath et al., 1994). The metabolic effect of hypercapnia may counterbalance the dose-

dependent effect of isoflurane on CMRO2

Considering the diameter-dependent dilation of small arteries (<40 μm in diameter) revealed 

in Fig. 3, we further analyzed whether the dilation of this subset of vessels had any 

dependence on isoflurane concentration. To this end, we divided the segmented vessels into 

four groups, including small arteries (<40 μm in diameter), small veins (<40 μm in 

diameter), large arteries (>40 μm in diameter), and large veins (>40 μm in diameter). As 

shown in Fig. 6, all four groups showed statistically significant vasodilation in comparison 

with their baselines and the diameter-dependent arterial dilation was observed under all three 

levels of anesthesia. However, no dose-dependent effect of isoflurane on vasodilation was 

observed in any of them at the three clinically relevant concentrations.

Influence of isoflurane on cerebral responses to systemic hypoxia

The anesthesia-induced profound reduction in CMRO2, as revealed by the head-restrained 

PAM in the normoxic mouse brain, suggested the potential of using isoflurane to protect the 

brain against hypoxia or ischemia. To gain more direct, quantitative, and comprehensive 

insights, we examined the influence of different concentrations of isoflurane on the 

multifaceted cerebral responses to systemic hypoxia. Similar to the normoxia study, 5 mice 

were monitored for ~2 hours under hypoxia, during which their states were altered by a 

stepwise increase of the isoflurane concentration (0, 0.5, 1.0, and 1.5 MAC). After each 

switch, a minimum of 15 minutes was waited to allow for equilibrium.

As shown in Fig. 7, the cerebral CHb remained unchanged when the awake mouse was 

switched from normoxia to hypoxia and later anesthetized with different doses of isoflurane, 

which was in contrast to the hypoxia-sensitive and isoflurane dose-dependent responses in 

sO2 and blood flow speed. As highlighted by the arrows, the arterial and venous sO2 

dropped significantly in response to hypoxia. To compensate for the hypoxia-impaired 

cerebral oxygen supply, the flow speed was highly upregulated. Light anesthesia further 
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elevated the blood flow, which partially retrieved sO2. However, increasing the isoflurane 

exposure to 1.5 MAC led to significant reduction in both sO2 and flow speed. By segmenting 

the feeding arteries and draining veins, we were able to calculate the average arterial and 

venous CHb, sO2, flow speed, and diameter for each mouse under both wakefulness and the 

three levels of anesthesia (Fig. 8a and supplementary Fig. S4). Again, CHb showed no 

statistically significant changes throughout the entire monitoring period. Different from that 

under normoxia, the average saO2 in the hypoxic brain exhibited a strong dependence on 

isoflurane concentration, increasing from 70±6% (awake baseline) to 82±4% (0.5 MAC) and 

then decreasing to 69±8% (1.0 MAC) and eventually to 52±7% (1.5 MAC). The significant 

decrease in saO2 was likely due to deep anesthesia-induced depression of respiration 

(Hedenstierna and Rothen, 2012). As shown in supplementary Fig. S5a, the respiratory rate 

of the mouse under systemic hypoxia decreased from 91±19 breaths/min to 22±4 

breaths/min when the isoflurane concentration was increased from 0.5 MAC to 1.5 MAC. 

Blood-gas analysis revealed that the respiratory depression impaired oxygen supply and 

reduced PaO2 from 74±17 mmHg to 44±7 mmHg (supplementary Fig. S5b), which echoed 

the decrease in saO2 observed by our PAM. The low respiratory rate also compromised CO2 

excretion, which consequently decreased the blood pH (supplementary Figs. S5c and S5d). 

The average svO2 followed the same trend as saO2, increasing to a peak at 66±4% (0.5 

MAC) and then regressing to 37±6% (1.5 MAC). The sharp regression in svO2 exceeded that 

in saO2, which led to a significant increase in rOEF from 50±3% (0.5 MAC) to 73±15% (1.5 

MAC) as shown in Fig. 8b. Similar to the biphasic response in sO2, both the blood flow 

speed and vessel diameter experienced moderate increases under light anesthesia and then 

gradually regressed back to the baselines with increased anesthetic depths. As a consequence 

of the combined effects on flow speed and vessel diameter, rCBFtotal showed a statistically 

significant drop from 141±14% (0.5 MAC) to 105±23% (1.5 MAC), which echoed our 

observation in the normoxic brain and was likely due to the anesthetic depression of 

myocardial contractility.

Interestingly, the CBF-OEF coupling seemed to remain effective in the hypoxic brain. As 

shown in Fig. 8b, the incremental exposure to isoflurane resulted in gradually elevated rOEF 
and reduced rCBFtotal, whose product was roughly a constant across different levels of 

anesthesia (70±6%, 68±14%, and 70±13% for light, medium, and deep anesthesia, 

respectively). Taking into consideration of the respiratory depression-induced decrease in 

saO2, however, rCMRO2 (normalized to the baseline measured in the hypoxic brain under 

wakefulness) showed an isoflurane dose-dependent decline from 83±7% (0.5 MAC) through 

67±10% (1.0 MAC) to 53±10% (1.5 MAC). The anesthesia-induced reduction of CMRO2 

from the awake baseline suggested a potential mechanism underlying the anesthetic 

neuroprotection against hypoxia- or ischemia-induced brain injury.

In striking contrast to the observation in the normoxic mouse brain, the isoflurane-induced 

dilation of small arteries (<40 μm in diameter) was much weaker under hypoxia and showed 

no statistically significant difference from that of large arteries (Fig. 9a). The reason was 

likely that these small arteries had been partially dilated under hypoxia (110±10%), prior to 

the isoflurane exposure (Fig. 9b). Besides vasodilation, hypoxia also showed profound 

impacts on other hemodynamic and metabolic parameters (supplementary Fig. S6), 

including decreased rsaO2 (79±7% of the baseline value measured under normoxia) and 
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increased rOEF (148±14%), rCBFtotal (141±40%), and rCMRO2 (156±21%). These 

observations in the hypoxic mouse brain nicely echoed a recent human study using magnetic 

resonance imaging (Vestergaard et al., 2016).

Discussion

Anesthetic protection of the heart against ischemic injury has been established and widely 

applied in clinical practice (Zaugg et al., 2014). There is enormous interest in translating this 

great success from the heart to the brain, but the outcomes of clinical trials on anesthetic 

neuroprotection are controversial and the underlying mechanism remains inconclusive 

(Bilotta et al., 2013). Preclinical research in rodents, providing well controlled experimental 

conditions and relatively low heterogeneity among samples, is ideally suited for this 

mechanistic study. However, it has been a tremendous challenge to directly assess the 

anesthesia-induced changes in cerebral hemodynamics and oxygen metabolism from the 

“true” baseline under wakefulness, due to the lack of an appropriate tool to image the awake 

mouse brain (Kitano et al., 2007). The head-restrained PAM fills this technology gap.

Quantitative PAM characterization of cerebral hemodynamics and oxygen metabolism 

enables direct, reproducible, and comprehensive assessment of the brain responses to 

anesthesia (Fig. 2), advancing our current understanding based on the cerebral flow-

metabolism coupling (Masamoto and Kanno, 2012). It has been shown that CBF and 

CMRO2 are tightly and dynamically coupled in the awake normal brain (Fox and Raichle, 

1986). Interestingly, volatile anesthetics elevate CBF via vasodilation and reduce CMRO2 by 

suppressing brain activities, leading to the “uncoupling” of CBF and CMRO2 or so-called 

“luxury” perfusion (Kaisti et al., 2002). By simultaneous quantification of the evolutions of 

CBF, OEF, and CMRO2 from wakefulness to anesthesia, our head-restrained PAM reveals 

that the flow-metabolism uncoupling is mediated via a marked decrease in OEF (Fig. 3g). 

Follow-up studies in the normoxic mouse brain under different depths of anesthesia further 

reveals that, instead of the flow-metabolism coupling, a tight inverse coupling exists between 

CBF and OEF, which dynamically maintains CMRO2 at a statistically constant level (about 

half of that under wakefulness) across different anesthetic states (Fig. 5). The anesthesia-

induced reduction in the oxygen demand may delay the hypoxia- or ischemia-induced brain 

injury, thereby holding the potential to expand the therapeutic window for other primary 

interventions to be effective. Along this direction, our study shows that the anesthesia-

induced CMRO2 reduction remains effective in the hypoxic brain and that light anesthesia 

can partially retrieve the hypoxia-impaired saO2 (Fig. 8). However, increasing the depth of 

anesthesia without mechanical ventilation eventually results in respiratory depression, which 

suppresses the oxygen supply to the hypoxic brain and significantly reduces saO2. As a 

consequence, the CBF-OEF coupling is no longer able to maintain a constant metabolic 

level. The dose-dependent effects of isoflurane on OEF, CBF, and CMRO2 provide a 

possible explanation for the lack of consistency in previous experimental and clinical studies 

(Kitano et al., 2007).

Although the present study has demonstrated that volatile anesthetics can alleviate the 

metabolic crisis during hypoxia, the neuroprotective effect needs to be further examined in 

the diseased brain. Furthering this mechanistic study in mouse models of ischemic stroke 
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will allow us to interrogate whether volatile anesthetics can attenuate cerebral infarction and 

improve neurological functions by reducing cerebral oxygen demand during ischemia.

On a different but related note, the profound effects of anesthesia on cerebral hemodynamics 

and metabolism revealed by our study suggest volatile anesthetics as potential confounding 

factors in understanding neurovascular and neurometabolic coupling—the foundation of all 

hemodynamics-based neuroimaging technologies. Moreover, different anesthetics may have 

different influence on the quantitative evaluation of the coupling (Franceschini et al., 2010; 

Masamoto and Kanno, 2012). Extending the isoflurane study to other volatile and 

intravenous anesthetics will help resolve the discrepancy between existing studies using 

different anesthetic settings. Carrying out neurovascular coupling studies in the awake 

mouse brain using the head-restrained PAM may lead to new observations that have been 

masked by anesthesia and allow more reliable evaluation of the effects of neuroactive drugs 

and interventions on cerebral hemodynamics and metabolism at the microscopic level.

There is plenty of space to improve our technology. One limitation of our current system is 

the relatively slow imaging speed, requiring ~15 minutes to scan an area of 2.5×2.5 mm2. 

This limitation prevents it from imaging rapid cerebral hemodynamic responses to 

neurostimulation and disease onsets (e.g., epileptic seizures). Integrating the head-restraint 

setting and our recently reported high-speed multi-parametric PAM (Wang et al., 2016) may 

provide a potential solution. Another limitation lies in the quantification of CMRO2. Using 

the average OEF and total CBF over the region of interest (ROI), our current calculation 

(Equation 5) does not take into consideration of the heterogeneity in the sO2 and CBF of 

individual feeding arteries and draining veins. Since vessels with higher flow typically 

exhibit larger sO2, the current method may lead to overestimation of CMRO2. Calculating 

the total oxygen inflow and outflow by respectively summing that of individual feeding 

arteries and draining veins may yield a more accurate estimation of CMRO2. However, this 

approach requires that the ROI has a perfectly closed circulation—the arterial blood flow is 

identical to the venous flow. Otherwise, the unbalance between the arterial and venous flow 

may cause considerable calculation errors. The histogram approach reported recently 

(Chong et al., 2015) represents a practical and reasonable compromise.

Conclusion

We have developed first-of-a-kind head-restrained PAM for time-lapse and quantitative 

imaging of hemodynamics and oxygen metabolism in the awake mouse brain. Side-by-side 

comparison of the awake and anesthetized brain using this enabling technology revealed 

strong and multifaceted cerebral responses to isoflurane—including the diameter-dependent 

arterial dilation, elevated CBF, reduced OEF, and declined CMRO2. Further comparison of 

these responses to different depths of anesthesia uncovered intriguing dose-dependent effects 

of isoflurane on OEF, CBF, and CMRO2 under both systemic normoxia and hypoxia. Our 

results suggest that the widely reported but poorly understood anesthetic neuroprotection 

may be mediated through anesthesia-induced suppression of the cerebral oxygen demand 

and that the protection may be dose-dependent. The head-restrained PAM bridges the critical 

gap between functional and molecular microscopy of the awake mouse brain. Future 

integration of the two microscopy techniques with highly complementary contrasts into one 
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head-restrained setting will open up exciting new opportunities in basic and translational 

neuroscience.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of the head-restrained PAM. PBS, polarizing beam splitter; NDF, neutral density 

filter; BS, beam sampler; SMF, single-mode fiber; AD, achromatic doublet; CL, correction 

lens; RT, ring-shaped ultrasonic transducer; RM, rotation mount; HP, head plate; RAC, right-

angle clamp. Red-boxed inset: photograph of a mouse brain with a thinned-skull window 

and a nut attached using dental cement. Blue-boxed inset: photograph of the angle- and 

height-adjustable head-restraint apparatus. Green-boxed inset: the mouse placement during 

imaging.
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Figure 2. 
Hemodynamic and oxygen-metabolic responses of the normoxic mouse brain to 1.0-MAC 

isoflurane. (a) Head-restrained PAM of cerebral CHb, sO2, and blood flow speed in the 

absence (OFF) and presence (ON) of isoflurane. The white arrows in the 2nd and 3rd rows 

highlight the isoflurane-induced changes in svO2 and blood flow speed. (b) 9 feeding arteries 

and 6 draining veins in the 2.5×2.5 mm2 region of interest identified and isolated by vessel 

segmentation. (c) Quantitative analysis of the isoflurane-induced changes in the average 

CHb, sO2, diameter, and flow speed of the feeding and draining vessels, from which OEF, 

CBF, and CMRO2 of the region of interest under wakefulness and anesthesia were derived. 

Scale bar, 500 μm.
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Figure 3. 
Statistical comparison (N = 5) of CHb, sO2, vessel diameter, blood flow speed, CBF, OEF, 

and CMRO2 in the awake and anesthetized mouse brains. In the paired t-test, ns, **, and 

**** respectively represent no significance, p<0.01, and p<0.0001. The right panel in the 

second row shows a strong dependence of isoflurane-induced arterial dilation on the baseline 

diameter measured under wakefulness. Data are presented as mean ± SD.
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Figure 4. 
Head-restrained PAM of CHb, sO2, and blood flow speed in the normoxic mouse brain in the 

absence (0 MAC) and presence of different concentrations (0.5, 1.0, and 1.5 MAC) of 

isoflurane. The white arrows in the 2nd and 3rd rows highlight the isoflurane-induced 

changes in svO2 and blood flow speed. Scale bar, 500 μm.
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Figure 5. 
Dose-dependent effects of isoflurane on cerebral hemodynamics and oxygen metabolism. (a) 

Statistical comparison (N = 6) of the absolute arterial CHb, sO2, blood flow speed, and 

diameter, as well as svO2, under wakefulness (0 MAC) and different concentrations (0.5, 1.0, 

and 1.5 MAC) of isoflurane. (b) Statistical comparison of the relative CHb, saO2, OEF, CBF, 

and CMRO2 with their corresponding baselines (significance levels, if any, are marked on 

the top of the columns) and between different concentrations of isoflurane (significance 

levels, if any, are marked between the two compared columns). *, p<0.05; **, p<0.01; ***, 

p<0.001; ****, p<0.0001. Data are presented as mean ± SD.
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Figure 6. 
Cerebral vasodilation in response to different concentrations of isoflurane (0.5, 1.0, and 1.5 

MAC) under normoxia. The segmented feeding arteries and draining veins were divided into 

four different groups: small arteries (SA) and small veins (SV) with diameters less than 40 

μm and large arteries (LA) and large veins (LV) with diameters larger than 40 μm. Statistical 

comparison (39 feeding arteries and 42 draining veins in 6 mice) of the vessel diameters 

measured under anesthesia with their corresponding baseline values measured under 

wakefulness shows significant vasodilation for all four groups across all three different 

anesthetic depths (significance levels are marked on the top of the columns). Moreover, 

statistical comparison between different groups of vessels under the same concentration of 

isoflurane shows a strong diameter-dependent vasodilation in the arteries but not veins 

(significance levels, if any, are marked between the two compared columns). Vasodilation 

shows no statistically significant dependence on isoflurane concentration. *, p<0.05; **, 

p<0.01; ****, p<0.0001. Data are presented as mean ± SD.
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Figure 7. 
Head-restrained PAM of CHb, sO2, and blood flow speed in the hypoxic mouse brain in the 

absence (0 MAC) and presence of different concentrations (0.5, 1.0, and 1.5 MAC) of 

isoflurane. The white arrows in the 2nd and 3rd rows highlight the hypoxia- and isoflurane-

induced changes in sO2 and blood flow speed. Scale bar, 500 μm.
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Figure 8. 
Influence of isoflurane on cerebral hemodynamic and oxygen-metabolic responses to 

systemic hypoxia. (a) Statistical comparison (N = 5) of the absolute arterial CHb, sO2, blood 

flow speed, and diameter, as well as svO2, under wakefulness (0 MAC) and different 

concentrations (0.5, 1.0, and 1.5 MAC) of isoflurane. (b) Statistical comparison of the 

relative CHb, saO2, OEF, CBF, and CMRO2 with their corresponding baselines (significance 

levels, if any, are marked on the top of the columns) and between different concentrations of 

isoflurane (significance levels, if any, are marked between the two compared columns). *, 

p<0.05; **, p<0.01; ***, p<0.001. Data are presented as mean ± SD.
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Figure 9. 
(a) Cerebral vasodilation in response to different concentrations of isoflurane (0.5, 1.0, and 

1.5 MAC) under systemic hypoxia. Statistical comparison (41 feeding arteries and 26 

draining veins in 5 mice) of the vessel diameters measured under anesthesia with their 

corresponding baseline values measured under wakefulness shows significant arterial 

dilation but only moderate venous dilation across all three different anesthetic depths 

(significance levels, if any, are marked on the top of the columns). Moreover, statistical 

comparison between different groups of vessels under the same concentration of isoflurane 

shows no diameter-dependent dilation in either arteries or veins. Vasodilation shows no 

statistically significant dependence on isoflurane concentration under hypoxia. (b) Statistical 

comparison of the vessel diameters measured in the awake mouse brain under hypoxia with 

their baselines measured under normoxia shows statistically significant vasodilation in small 

arteries and veins (significance levels, if any, are marked on the top of the columns). 

Moreover, statistical comparison reveals a strong diameter-dependent dilation in the arteries 

but not veins (significance levels, if any, are marked between the two compared columns). *, 

p<0.05; ***, p<0.001; ****, p<0.0001. Data are presented as mean ± SD.
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